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Abstract

A compelling market segmerior the introduction of fuel cells is in small battetypes of
applications. While in other applications (e.g. transportation), delid need to competeith
relatively effectiveand low-cost technologies, batteries are easieotiapete withbecause they are
expensive anthave lowenergy densities. ién with modeshydrogen storage densities such as
metal hydries, fuel cells can provide higher energy densities than batteries andlube can
increase substantially further with an increase in the energy to power ratiosystem(which is

fixed for batteries). However, the fuel cells will still have to compete with batteries on reliability and
cost. As such, the typical polymer electrolyte fuel cell system with its heavy reliarstédsystems

for cooling, humdlification and airsupply would not be practical in small battery applications.
Instead, the fuetell system shoulddeally be simple, inexpensivand reliable. In response, Los
Alamos National Laboratory (LANLgonceived of anovel, passiveself-regulating, "air-breather"

fuel cell stack that requires no moving parts (fans or pumps) and still maintains sufficient hydration
of the polymer electrolyte membrane to provide stablerel@ble power. EnablEuel Cell Corp.

(a subsidiary of DCHrech.)hasbeen partneredith LANL to further technological development

and commercialize the air-breather. Developnmastreached the poinwhere a 12 Wsystem has
officially become a commercial product. Nevertheless, understanding of the approach is continually
improving and thalesign is being refined aratlaptedor various @plications. It would appear

that the primary factor now affecting market penetration is the fuel storage issue.
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Introduction

Depending uporihe fuel stoage technology, fuatell systemscan provide substantially higher
energy densities than similar-sized battpgcks. Correspondingly, interest in fueglls for
portable power applications is rapidly increasing and now global electronics companies are
pursuing the possibilities. In this program, LANL and Enable Fuel Cell Corporatialees®ping

a unique low-power portable fuekll and systeminexpensive andeliable enough toeventually
compete head-to-head with batteries in electronics-type applications. The advantage ofdélis fuel
systemover current competing fuedell designs ishat it does notrequire theuse of peripherals
such ascooling or reactant flolans andcan operate effectivelyith no activehumidification, no
active cooling, and no pressurization or forced flowthef cathode air. Thsystem is inarently
stable and self-regulating. A passive schemsel hat relies ordiffusion limited oxygen access

to maintain a positive watdralance. Th@&xygen inthe airmust diffuseinto the stackirom the
periphery of the flow-field platesFor this reasothe stack is often described as "air-breathing."
Given that the oxygen must diffuse in, twice as much wWatethere are two molecules formed per
O that reacts) must diffuse out to maintain an even balance. While it first appearsuhats of
water is obtained, thieiel cell stacks quicklyheat upand thewater removal iggreatly facilitated.
Overall, the balance remains fairly even such that the polymer electrolyte membranedgrgiamntt
even at relativelyhigh continuous operation temperatue60°C). Thus, thediffusion supply
scheme results in simple stacksh reliableand stable performance. To operate this type of fuel
cell stack only a lowpressure hydrogen supply required which can be providedrom a
pressurized source (such as metal hydride canisters) via a compact low-pressure regulator.

Discussion

Since the oxygen needs to diffuse in from the periphery of the cathode flow-fieldhaatee!cell
assumes the unique configuration shown in Figure lutilaes circular flow-field platesvith an
annular hydrogerfreed manifold and a single tie-bolt extendingtbpughthe centrabxis of the
stack (Wilson 1996). With this geometry, the hydrogen supply to theeitstis radiallyoutward,
and the aisupply is fromthe periphery inward.This configuratiorhasseveral advantages. The
entire periphery is free to air access and allows gréatgr conduction to enhance cooleugd the
diffusion path lengthare minimalfor boththe hydrogen fromthe annular region and tlexygen
from the periphery. Furthermore, all of the components in the stack (e.g., the flowsksltisand
membrane/electrode assemblies), are radially symmetrical, so part fabrication is asichgiee
entire system is potentially low-cost. The reactant flow-fields are typically reinfoezédn paper
and membrane/electrode assemblies (MEA) areoafentionaldesign. Sealare located at the
inner edge of the air flow-field and the outer edge offyywrogenflow-field. Stainlesssteel foil
separators prevent the reactants in the back-to-back flow-fields from mixing. As shtherright
hand side figure, end-plates compress the collection of unit cells together with the use of the tie-bolt
projecting up througtthe middle. Theuse of a singldie-bolt decreases the footprint ahdlps
provide a configuration that is compact and lightweight. In multi-cell stacksetfeatorgan be
of a larger diameter than the flow-fields to provide cooling fiwkjch gives thestack the
appearance of a finned tube.
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Figure 1 - Configuration and key components of a unit cell in an air-breather stack.

When the cells are stacked, motly do the structuresheat up more buwater accumulation in the
annular region actually becomes a problem. Sincéydeogen supply islead-ended, condensate
can collect undisturbed and block the hydrogen from accessing the cells furthest floydridgen
supply. The accumulation can be alleviated by introducing a wickatgrial in theannular region
that draws the condensate away from the downstream cells (Wilson and Neutzler 1997).

Not surprisingly,cell performance is substantially affected by thi&kness ofthe cathode flow-

field because oxygen must diffuse in frohe periphenthrough this structure. Whildae thicker
flow-fields provide high powers at low temperatures, too much water is lost as the stack heats up to
higher temperatures, especially at teatively high dtitude of LANL (2,250m or7,300"). The
optimum flow-field thickness for bottpower and stability at ANL is about 3mm, butcan be

greater at low altitude With the high altitude, the ambiengressure is onlabout0.76 atm. Not

only is the oxygen partial pressure lower (and hence kinetics poorer), but the stacks also tend to run
much drier because the highalumefraction of water vapor that canccur results in @reater

driving forcefor removing wateffrom the stack. Another aspect lifgh altitude operation ithat

cooling by freeconvection is muclesseffective than asealevel, which naturally exacerbates the
drying effect. For these various reasons, a stack that stably produces 25AWLatan produce

up to 35 W at sedevel while actually operating cooler, and excesswater may actually be
accumulated. Thus, more leeway is affordedignsprovided they are operated at lower altitudes.
Conversely, products that are oriented towards camping or backpacking impose even more stringent
design limitations.



Figure 2 — Various Air-Breather Packages — The Enable Commercial Product and a
Fully Integrated Module Operating a Laptop.

The versatility of the air-breather allows it to be packaged in van@ys. Two examples are
shown in Figure 2. Orthe left is the initial Enablé&=CC productwhich has recently become
commercially available. As can be seen, the air-breather is mowenteally and is protected by a
shroud with elongated openings that allow air to freely convect upward and over the praeid®
cooling. While capable of more power, the stackasservatively rated at \¥atts at roughly 12

V and is design to be affixed atop the hydrogen supply in a tower configuration that is then suitable
for supporting a gaping lantern. On the right is a fully integrated module contaibotf the

stack and anetalhydride canister, as ishown inthe topview in the inset inFigure 2. Asmall
pressuregage indicates thstatus ofthe fuel supply. Positionedside-by-side, airconvection
thermally couples the 36-cell stack and the hydride canister to provide coolfog thie stack and

to heat thenydride to faditate the desorption process. Thmaodulesupplies 25 W at LANL’s
altitude and can operate the lap&ipown scrolling through a slide presentation almost 12

hours. Although the energy density of the system dependsti@atackpower, atapproximately

25W it works out to aelatively modest 73Vh/kg (still better thanmost rechargeableattery
technologies), because the metal hydride canister is at best only about 1% hydrogen by weight. The
true promise of fuel cells ilivbe realizedonly when moreeffective hydrogen storage technologies

are developedFor example, thesame systerwith 4% hydrogen storageould obviously yield a

300 Wh/kg package and operate the laptop for nearly 48 h.

Much of the effortover thepast yeathas continued tconcentrate on optimizing the air-breather
design in improving performance, lowering comporeagts andacilitating manufacture.One of
the simpler improvements is to use a more open annular region. The perfommaiosement is
most likely attributable to better and more uniform accesbedfiydrogen tahe entire inner edge
of the hydrogen flow-fields. Sindbe system operatedead-ended, a certain amountddfusion
transfer probably has twccur as inerteccumulate in th@ydrogen distribution network. In our
particular experimental stack design at LANL, we simultaneously changed the dethgritoiib”
not only to open up the free area but also to improve the effectiveness of the inner edge theals
air flow-fields. The individual"hubs" foreachseparatomlate provide alignmentiyydrogen and
wicking passages fazach celland also dcilitate disassembly foswapping out components. The
hub alsoeffectively replaces the porous channelgldevedepicted inFigure 1,which was a
particularly problematic component. Since the carbon paper air flow-fieldscaanpress



substantially, the seal area basically varies as a function of the endeptgieession. Mangimes

a cell or two in a stack would not seal until the erassemblywas futher compressed, probably
due to small differences in the various material thicknesses , compressibilities, etc. Tesigeal
was modified to allow théub tofloat, thus minimizing the effect of the variations. Since this

changehas been implemented,stackshave all sealed thefirst time, which naturally improves
manufacturability and reproducibility.
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Figure 3 — Compressibilities of carbon papers and felts.

Much of the optimization is of a proprietary nature but tlssue of accommodating the
compressibility of the carbon paper air flow-fields leads t@@aample of component optimization
vis-a-vis performance and manufacturability. Carbon papamsbeen a staple component in fuel
cellsfor many years but thegre relativelyexpensive. More recently,carbon feltshave become
commerciallyavailable,and already they appear to lessexpensive. Ashown in Figure 3, the
felts areless compressible andkeless of a set than paper of theequivalentthickness,which
improves the manufacturing aspect. On the other hand, edgewise permeability measusengents
the classic StefarDiffusion Tube configurationsuggests thathe papersare slightly more
permeable. Thus, a somewhat thicker shetin principle be needed to provide the same
performance. As is often tlwase,changing one component théas ramifications on the other

elements in the system, and optimizing the system fully arpticd and performance becomes all
the more difficult because of it.



Figure 4 — A Miniature 1 W Air-Breather Alongside a 9 V Alkaline Battery.

The global electronics industries trae entering the fuedell arena are primarily interested in
personal electronics applicatiosach ascellular phoneshand-held computergtc. The power
requirements are more on the watt level rather than the temattsfappropriatéor the air-breather
scale we havéhus farbeen employed. Figure 4 ispacture ofour first effort on awatt-levelair-
breather. While successftihe designwas ratheiprimitive and hence not of theossibly highest
performance and also not particuladgnenable to commercialization. The annwad tie-bolt
region isvery cramped and it appeardéuht therewere hydrogen accestimitations. One of the
challenges orsuch asmall scale is to obtain a reasonable fractioraative area withsuch small
diameters because so much of iate area idost to seals, the tidolt and thehydrogenfeed
region. Thearea taken up by the outémnydrogen)seal is roughlyequal to theactive area.
Although the current densities are already higher than the latgeks (asexpected),further
performance increases should be readily attainable as the designs are improved.
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Figure 5 — Integration of Hydrogen Sensors into the System.



Many potential applications for the air-breather will require stawvel of 'emotestatus monitoring

and operability or safety assurance. In addition, the buildup of inerts may be more chailghging
some hydrogen sources or stack configurations. Hydrogen semspiise advantageous in these
cases. The parent company ofaBle FCC,DCH Technology,has licensed and successfully
commercialized state-of-the-dnlydrogen sensor technologies includitige Robust Hydrogen

Sensor (RHS), from Sandia National Laboratories. These technologies are being integrated into the
fuel cell system as depicted in Figure 5. One sensor is located within the slatéctanertuild-

up, and would then trigger a brief purge. A second sensor is installed for safetydetettdeaks

or excess build-up from the purges. The compact control electronidheandniaturepurge valve

are cleanly incorporated onto one end of the stack.
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Figure 6 — System Component Costs (from Enable FCC)

As anticipated, a major issue coming into the forefromilydrogen storage. In order fiealize the

energy densitypotential of the system, theetal or chemicahydridesneed to be packaged
particularly effectively. An overly complex or peripheral-burdesgstemwould not be viable for
portable power applications. Ideally, the fuel would be available in a cartridge that could be returned
and recycled, or if it must be disposed (say, on fore@rel), it should not be anverly expensive

loss. The economicglement of the fuetupply issue isllustrated inFigure 6. Asshown, the

hydride storage system for this 4 W, 10 h system costs at least as much as the fuel cell, even though
the latter involvesiumerous costly anspecialorder components thaave notyet had the benefit

of high productionlevels to lower prices.While hydride productiorievels arenot particularly
enormous either, the business does have fairly large and established markets (e.g., Ni-metal hydride
batteries). Cost#or the hydride alsomay not be expected to decrease much further considering
that thesystem is noparticularly parts intensive,especially compared to the fuel cell. How the
hydrogen is stored and supplied will naturally depend uperapplication, but the overalystem

(storage + fuel cell) needs to be integrated and optimized. Portable poss#olyprovides some

unigue opportunities as to hawis can be accomplished that would not be practicable on larger
scale systems.



Conclusions

The air-breather has been shown to beféective and versatiledesignover a widerange of sizes
and packaging possibilities. Designs, understandingh@f mechanicsand performances all
continue toevolve. Although a number of aspects can be stittifar improved, thair-breather
provides the durability andeliability necessary to lseme a commerciaproduct and has
demonstrated the performance anitity necessary to provide a successifidl cell product. On
the other hand, the complete system is still wanting, anchis&ngelement is a cost-effective fuel
storage system and its integration with the fuel cell.

Future Work

We plan to continue collaborating with Enable FCC in further evolving air-breather technology. As
the fundamentals and optimal designs become better understood anidimotioeal, opportunities

arise to implement newer ideas and approaches thdirimg the air-breather to the netechnical
levels. Already, Enable igursuingnew directions that can be particularly advantageous in many
applications.

Since the interest in powsupplies for personallectronics is particularly strong, more emphasis
will be spent onthe watt-level air-breathers. Because of thggh surfacearea to volumeatios
inherent in small objects, ghould be possible tattain relatively high power densities and
correspondingly develop some compelling devices.

As the air-breathedesign and understanding continueetmlve, additional issues are becoming
more pressing. Paramount of thesthes remainder of theverall system, namely the fuel storage
and supply subsystem. The extent to which portable power fuel cells can be commercilhloeed w
contingent on the safetgnergy density and user-compatibility tife overallsystem, and we
perceive that the weak link now is the fuel subsystem. Substardg@iess habeen accomplished
with the fuel cell side of the system but now betieve hat theemphasis also needs to encompass
the fuelissues. Casequently, increased attentiaiill be directed toward th@ydrogen supply for
the fuel cells. In this new aspect of the portable fuel cell effort, we intend to collaldratenable
FCC and others to helpevelopand demonstrate portable storage technologies. Some of the
challenges and opportunities inherent in a portable fonitommercial applications are very
different than conventional sege requirements. As such, faidgnventional chemicahydrides
that are not particularly attractive for large scale applicationp@ssiblyadvantageoufr portable
systems. Thus, we are not trying taevelop newchemistries so much asffectively and
inexpensively adapt existing approaches and repackage them for portable power.
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